in the present study, to determine if there is a portion of total MVoz that could be attributed only to external work in the intact heart, an isolated heart preparation was devised in which MVoz could be compared in isovolumic and isotonic contractions at the same level of inotropic state that generated the same degree of active wall stress (a> and differed only in the the amount of external work performed.
METHODS
The experimental preparation, which has been described in detail previously (7), employed a computer regulated servo system to control wall G during systole. However, in the current study, instead of utilizing total cardiopulmonary bypass, an isolated supported heart preparation was employed ( Fig. 1 ). H earts were obtained from seven mongrel dogs weighing from 15.9 to 22.7 kg. Both the support dog and the heart-donor dog were anesthetized with 25-30 mg/kg of sodium pentobarbital. The heart was exposed through a midsternal incision and ligatures were placed around the superior and inferior venae cavae and the azygos vein. Heparin was then administered (3 mg/kg), the heart rapidly excised, and immediately placed in an iced-saline bath (0 C). With the heart in the iced bath, the left and right coronary arteries were isolated and a 1.5-cm diameter nylon plug was tied in place at the level of the aortic valve just below the coronary ostia (Fig. 1) . The mitral valve and chordae tendineae were excised and a purse-string suture was placed around the mitral annulus at the base of the left atrium. The main pulmonary artery was ligated and the heart was removed from the ice bath and suspended over a large collection funnel. A reservoir connected by the apex between the balloon and the LV wall. Heart rate was maintained constant by crushing the sinus node and pacing the atrium with an electronic stimulator (A.E.L., model 104A). Coronary blood flow was determined by timed collection of the right atria1 and ventricular outflow, and MVoz was calculated as the product of the coronary arteriovenous blood oxygen difference obtained by Van Slyke analysis (22) and coronary blood flow. The reproducibility of this technique in our laboratory has been previously described (7). MVoz was expressed as microliters per beat per 100 g LV. The LV volume was controlled by a high-speed servomotor connected to the mitral cannula through a piston and cylinder arrangement ( was activated by a 0 error signal to withdraw volume from the LV at a sufficient rate to achieve wall G control at the desired level.
Experimental protocol. The experimental protocol was similar in all experiments.
Following calibration of the computing system, the LV end-diastolic volume was varied by adjusting the volume within the balloon to change LVEDP from approximately 2 mm Hg to that necessary to produce an LVEDP of 15 mm Hg while the ventricle was beating isovolumetrically.
This sequence was repeated, and the preparation was considered to be stable as soon as two successive curves relating end-diastolic volume (EDV) to peak developed pressure revealed peak pressures within 5 mm Hg for a given EDV. MJYo2 was then compared during steadystate conditions with the heart contracting both isovolumically and isotonically.
By increasing end-diastolic volume slightly during the isotonic contractions, peak wall stress could be maintained at the same level as that in the isovolumic contraction.
In these experiments LVEDP was not increased above 10 mm Hg. The matched pairs of beats analyzed at the same level of active wall 0 of necessity occurred at different end-diastolic volumes (the isovolumic beats originating at a lower diastolic volume), and the isotonic beats exhibited varying amounts of shortening and therefore external work. With these data a relationship between the increment in MVo2 above that necessary for tension development and external work could be determined at various levels of external work.
Calculations and data analysis. During an individual experiment, LV muscle volume was estimated from the average relationship between body weight and muscle volume for the purpose of on-line calculation of wall g (7 In all experiments the stroke volume was varied from 1.1 to 8.9 ml and the stroke volume-to-end-diastolic volume ratio averaged 16.6 rt 1.8 %.
Calculated peak active isovolumic 0 ranged from 14.9 to 105.3 g/cm2 and the comparable isotonic G control levels ranged from 14.8 to 91.8 g/cm2. During the isotonic contractions the extent of circumferential midwall fiber shortening varied from 0.12 to 0.73 cm (0.8-4. Fig. 3 . In these two experiments, at every level of wall CT MVo2 in the isotonic beat was greater than that in the corresponding isovolumic beat at the same peak wall u values. For all but 1 of the 11 matched pairs, MVo2 from isotonic beats was significantly greater than MVo2 from isovolumic beats at comparable CT levels (P < .005, Table 1 ). The relation between the difference of MVo2 in isotonic and isovolumic beats (A MVoJ and external work is shown in Fig. 4 with the amount of external work performed. The intercept in this relationship (.94 ml/beat per 100 g LV) was not significantly different from zero, thus suggesting that basal oxygen consumption in these two types of contractions was similar, since contractile state and heart rate were similar in the isotonic and isovolumic contractions. If one assumes a fixed stiffness for the series elastic element and a two-component model, it is possible to calculate the extent of contractile element shortening (equal to the series elastic elongation), during an isovolumic contraction (2, 14). The extent of contractile element shortening can then be used to calculate the internal work performed in generating tension. Thus, for each determination of MVO2, either isotonic or isovolumic, an amount of external and/or internal work could be calculated. In the isovolumic contraction, the amount of external work performed is assumed to be zero (ignoring possible shape changes). Utilizing data from seven experiments (all pairs of data, 
DISCUSSION
The results of the current study clearly indicate that when the level of peak stress generation is maintained constant, there is an increment in oxygen consumption associated with performing external work. Moreover, there was a significant positive relationship between the level of external work performed and the amount of oxygen consumption required above that necessary for generation of tension. In the present study this additional increment in oxygen consumption averaged 5.9 & 1.1 % of the total oxygen consumption in isotonic contractions. These hearts were developing an average peak isovolumic LV pressure of 74 mm Hg at an LVEDP of 6-10 mm Hg and the amount of external work done in this isolated supported heart preparation was considerably lower than that usually encountered in the intact circulation. Thus the extrapolation of these data to a more intact preparation capable of developing more pressure and shortening to a greater extent is hazardous.
However, in order to evaluate the distribution of myocardial oxygen consumption in a more intact preparation, an average relationship which expressed the portion of MVo2 that could be attributed to external and internal work as a percentage of total oxygen consumption was calculated using a multivariant linear regression technique. These average values were then applied to distribution of MVo2 in a single contraction from an intact ejecting left ventricle utilizing a right heart bypass preparation ( 15). In this preparation the circulation is essentially intact. The left ventricle ejects normally into the aorta and the average SV/EDV (ejection fraction) is similar to that observed clinically (4). Of the total MVo2 in this example 48.1% (90.2 pi/beat p er 100 g LV) could be related to internal or pressure-generation work, 17.5 to external work, and 34.4 % was associated with other factors such as contractile state and basal MVo2 . The proportion of MVo2 related to basal factors, contractile state, and tension development is similar to that observed previously ( 14) . In many previous studies, even in isolated muscle preparations it has been difficult to specifically determine whether the increment in energy expenditure associated with performing external work can be related to shortening against a load or to shortening alone ( 13). Moreover, Mommaerts has recently made a critical summary of the shortening heat controversy and has argued that shortening should be accompanied by a waste heat because this process cannot be carried out with unit enthalpy efficiency.
In the final analysis the energy requirements must be related to the turnover of cross-links between actin and myosin and in this sense the distinction between tension generation and shortening may be artificial. However, in the intact heart it is clear that the efficiency of augmenting cardiac work by increasing tension generation and by augmenting shortening is different, and this study has provided the first direct evidence that the oxygen cost associated with performing external work is related to the amount of work performed and is substantially less than the oxygen cost associated with the generation of tension. Several factors, all the result of the preparation and experimental design, could have influenced the augmentation of MVo2 in the isotonic contraction.
First, in order to produce an isotonic contraction having a level of peak wall c equivalent to that in an isovolumic beat, it was necessary to increase end-diastolic volume. Although augmentation of resting tension has been shown to significantly increase high-energy phosphate utilization (23), no augmentation of resting oxygen consumption with increases in muscle length has been observed in the intact heart or papillary muscle (13, 2 1). Moreover, in the present study the differences in end-diastolic volume were small, and in the isotonic contraction ventricular volume decreased during contraction, continuously reducing the length difference during contraction.
As might be anticipated from the shape of the resting and active length-tension curves in the intact heart, the relationship between the increment in end-diastolic volume necessary to match peak left ventricular tensions and increment in oxygen consumption associated with shortening at this slightly higher end-diastolic volume, was not statistically different (correlation coefficient = 26; probability of a nonzero correlation = .54), while the correlation of A MVo2 with external work was significant.
Thus, it is not likely that in the present study the augmentation of end-diastolic volume significantly influenced the results. Secondly, since Monroe (20) has shown that 90 % of the oxygen consumption is determined by the time peak 0 is reached, it is quite likely that matching peak wall c in the isovolumic contraction to the c developed by the isotonic contraction is the most appropriate way to compare the relative energy utilization.
However, since the alterations in oxygen consumption observed were small and since previous studies have clearly shown that under certain circumstances oxygen consumption is directly related to tension or pressure area (24), several contractions were examined in which isovolumic wall 0 was greater than peak isotonic wall 0 and the area under the tension curve in the two contractions was similar. For example, in Fig. 5 , the 0 area (expressed in g/cm2 X set) was slightly larger in the isovolumic contraction. However, MVo2 was 9.7 pi/beat greater in the isotonic contraction despite the fact that peak wall g was significantly less. Thus, in this particular example, it is apparent that the amount of external work performed (in this case 25.1 g/cm per cm2) was sufficient to exceed the influence of both tension area and the difference in peak wall 0 in the two contractions. cal model is good. Errors in this model tend to underestimate wall c at higher volumes (3), a factor that would tend to increase the amount of external work performed in the present study. Moreover, since ejected volume was usually low, it is unlikely that large errors due to shape change were introduced in comparing isovolumic and isotonic beats in the same heart, although it is certainly possible that shape changes and changes in fiber orientation may have influenced the results. These alterations in shape and changes in fiber orientation could also be expected to influence the extrapolation of these data to higher levels of left ventricular work where the alterations in ventricular shape during isovolumic and isotonic contractions might well be different. Thus, as discussed previously, the extrapolation of these data would clearly depend on the validity of these assumptions and of the validity of the calculations for average work.
It is interesting that a fall in LVEDP was observed during volume withdrawal.
The factors responsible for this apparent decrease in the diastolic pressure-volume relation-
